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BREE
Report No. 710/197 i
Watertown Arsenal f¥.:

T m«m
A STUDY OF -

THE MECHANISHK OF PENETRATION OF HOMOGENEOUS
ARMOR PLATE

Purpcse

The purpose of this investigation wasg to study the
nature of deformatlion in partlially and completely penetrated
homogeneous armor plate when subjected to impact with armor

piercing ammunition.

Conglusiona

1. Armer plercing bullets pencirais homogeneous a&rumor
plate by means of a punoching and boring operation. The
compressed metal under bullet impaot is in many cases par-
tially forced bacxkx to the surface, forming the well known
oraters,

2. The boring action of the bullet has caused a
torsional flow pattern in the armor plate in the vicinlty
of the bullet hole. The torsional flow of the metal 1s in
the same direotion as the rotation of the bullet, The con-
tour of tha area disturbed and twlsted by the bullet is of
the hour-glassa shana, thc ncclling-in belng al Lthe 244V, lu

several cases spiral markings were found on the bullet cores.
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3.

When an armor piercing bullet penetrates aruor

plate, the rollowing facte are to be consldered:

4.

(&)

(b)

(o)

(d)

(a)

Some of the energy of the bullet is dlsel-
pated into heat, causing a liocal rlse in
temperature in the plate,

Local deformation or faulting of the metal

progresses along planes of greatest slip stress,

which would normally be at 45 degrees, to the
direction of impact; but in this case, due to
the rotational effects of the bullet, they are

of random orlentation.,

Sufficient heat has been generated to ralse the

temperature of these localized sllp areas above

the critical, or 1n sow€ casss, even to the
melting point. The sudden chilling of these
areas form layers which are referred to as
“white layers".

These "white layers" identify themselves as
martenelte in their physical properties, but
do not possgess the typlcal martensitlic struc-
ture.

ocourrence of "white layers" in armor plate:
They are present in the ares immedistely sur-
rounding the vullet hole in both high and low

ballistic plate of varlious compositions.
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(b) The more nearly the steel approaches a true
martensitic condition, the gresater the con-
centration of the %white layer" becomes, i.e.
the hardser the plate, the more concentrated
tvhe layers.

5. 1In general, the greater the ballistic resistance,
the more “white layers" occur,

6. The impsact of ball ammunition on armor plate is
a stralght punchlng operation., No boring action 1s evident.
"Walte layer" occurs at surface of slip between the punching
and the body of the plate.

7. Patterns, which resemble gtrain markings in char-
acteristic Llider rormation, were revealed on the back faces
of some Aarmeor plates by flaking off of gcale while plete
wag belnz subjected to bullet impaoct.

8. High power microscoplc examination ot the "white
layer" present in the svandard composition made under oblique
illumlnation shows flow lines within and immedlately adjacent
to the layver. The surface of the layer was not aflat smoothly
finlehed face but rather 1lrregularly furrowed.

9. Crack systsms within and closely associated with
*white layers" are of the foliiowing types:

(a) Hair-line cracks within the “white layer".

(b) Pronounced crackse partially within the *white

layer®, either propagated by a tearing or
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(e)
(d)

(a)

(b)
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twisting of the metal. (Thls latter type
couprlses about one-taird of all the cracke
found in the layers).

Rare, 1solated cracks crosslng™mhite layers".
Crack sysetems with no speclal relationship

to "white layers".

High Power microscople examination reveals, in
some cases,the preisence of clear cut nonmetallic
inclualons whicn were intact within the "white
leyera®. Howsver, the absence, in general, of
nonuetallics within the "white layer™ may indi-
cate s possibllity of sufficlent heat having
been generated in these slip planes to melt the
incluslons wiich normaily would occur in these
areas.

Cn the other hand, many nonmetallics of the
elongated type adjacent to or partially within

the "white layer" were disuvorted but not fused.

11. Dark layers, simllar in orientat.on to the “white

layers" of standard plate, were found in Hadfield's Aus-
tenitic Manganese steel (a poor ballistic plate)., However,

these layers consisted of carblde preciplitates and alpha

snowling that due to lntense heat generated within

these 8lip areas, a pinase change had tuken place,
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12, Nc 'white layer" wae developed by bullet pene-

trations 1n rolled low cal.on steel plste. ’
15. Carbide preclpitation in the outer surface of
the bullet core is caused by the heat developed during
bullet impact. ’
14, In the samples examined, no evidence of fueion
of the metal at the edge of the bullet hole was detected
in komogeneous armor plate, Likewise, no fusion was evi- ’
dent in the bullet core.
15, Hardnese surveys in the vicinity of bullet holes
indicated: ’
(&) That about .25 inch of metsl around the
bullet hole is work hardened.
»

(b) In complete penetrations, maximum hardnees
18 found at the entrance slde of the plste.

(o) In partial penetrations, maximuwm hardnegs
18 found at the contour of the bullet hole
representing the oglve and extending around
the tip of thLe hole,

(a) In the case of partially penetrated armor
plete containing 3.56% Nickel and 2.% Silicon,
maxisum harcdness was found ,000 inoch below

the tip of the bullet hole.

- B ’




(e} In some cases, metsl deformed near

bullet impact as revealed ty macro-

TRPos

etching, was decidedly work hardened.

-y

Experimental Progedure .

Several bomogeneous plates and one cast plate were

Ly

v)

velected for examination as follows:

(&) Plate No. 29 - Higr ballistic properties.

51ze 12 x 12 x 1 inch - Manufacturer-Henry Disston

& Sons, Inc.

(b) Plate No. WJ2 - High ballistlic properties.

Size 12 x 12 x 1/2 inch - Manufacturer-Jessop Steel Co,
(c) Plate No. Ex 26 - Medium ballistic properties.

Size 12 x 12 x 1/2"- Manufecturer-Henry Disston & Sons,Inc,
(da) Plate No. 614=f = Medium bailietiec properties.

Stze 12 x 12 x 1/2 inch - Manufacturer-Watertown Arsenal-

Henry Disston & Sons Co.,Inc., Order 8542, Ingot 12-614.
(e) Plate No. 2 ~ Poor ballistic properties.

Size 12 x 12 x 1/2 - Manufacturer-Taylor-Wharton Co.
(f) Cast Carburetor Cover No. A - Poor ballietic properties.

Size 21 1/2 x 15 x 1/2 inch - Manufecturer-Watert .n Arsenal,

Representative partial and complete penetrationsg in each
q of the above plates were sectioned. A study of thke macro- )

etructure snd microstructure at the area of bullet impact

wes made,




Chemical snelysis was made on several plates, the
analyees of which were not recorded in thLe reportg sub-
mitted by Aberdeen Proving Ground,

Speotrographlc analyslas was made on sanplesg cutl ifrom
all plstey, except No. 2 and No. A,

The ballistic properties ot the plates, as determined
at Aberdeen Proving Ground, are found in the followlng

Fertial Reports o1, Test of Thin Aruwor Plate: 21, 59, 81,

82 and 96,

Experizentel Hegults

1., Spectrographic_Analysis

Spectrographic analyees of the plates examined are

given 1n Table 1.

Iable ]
Spectrographic Analygipg
Piate No:
Flewent 29 WJe __Ex 26 6145
Ni Present Faint Trsace Trace Trace
Cu Trace Presgent Present Present
Al Trace Tracea Trace Faint Tisce
Ty Trace Trace Trace Trace
Ca Faint Trace Faint Trace Falint Trace Failnt Trace
an Trace Trace Trace Trace
I

™ e ° ® ° ° ° ) ™ ® ° ° ®




2., Heat Treatment of Plateg

The heat treatment glven the plates by the manufac-

turers 1s stated in Table 2.

Table 2

Heat Treatment of Plateg

Plate No, deated to guenzihing Medium Draw
29 15786°F Not stated 107¢c¢F
wo Not setated Not stated Not stated
Ex 206 1700°F 011 1150°F
614=5 165C°F 0il1 1150°F
P Not stated Not stated Not stated
Cast "A' Heated 8 hours to 21C2°9F, air cooled.

Heated S hourg at 1742°F, air cooled.
Heated 5 hours at 1662°F, furnace cooled.
Heated 2 hours at 1600°F, 01l quenched.

Drawn 2 hours at 925°F, air oooled.

é, Chemical Analysls

The chemical analyses of the several plateg examined

are given in Table 3.




Table 3

( Chemjcal Anelyelg
Plate Nc. C Mn P S 8L _NL _Gr. Mo _Va _Su
D) 29 .50 .7C L0235 .02C .26 -~ 1.12 .65 .25 ,312
wJ2 .425 .06 ,02¢ ,018 2.01 3.08 .24 - - -
Ex 26 .38 » 69 - «17 - - 1,14 .65 .30 .296
i 614-5 ,51 .42 ,0l6 ,013 .14 .09 1,21 .56 .29 .26%
2 1,17 11.40 .057 .,018 ,.405 = - - - -
Cast "A" .19 .54 ,010 .0l ,165 - 1.13 .82 .21 -
)
4, DBalligtic Propertieg
The ballistic propertieg of the platesg as determined at
E Aberdeen Proving Ground are given in Table 4,
5. Macroscopic and Mlcroscopic Exemiustions
Y o Typical macro- and mlerosiructuree of deformation &% pen-

etrations in armor plate are shown in Figures 1 - 21, inclusive,

' 6. Hardnesg Surveysas

Vickers~Brinell hardness surveys were made in the vicinity
of typicel penetrstions and the resulte plotted, as shown 1in

Flgureeg 23 -~ D1,

-9-
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Dl scussion

Macroetructure ’

When armor piate of the homogeneouse type ie elther
partially or completely penetrated by armor plercing bul-
lets, several types of deformmtion or flow lines are de~ ’
tected in the area of impact. Figures 1, 2, and 3 illus~
trate the macrostructures of sections cut through bullet
holes after etching in a standard macroetching reagent, ’
In tke firet place, the banded structure 1s deformed
in the vicinity of the bullet hole, Banded structures in
plate are the result of deforming the dendritic segregation ’
preeent in the ingot, thls segregation being elongated in
the direction of hot-work,
Furthermore, a second type of flow line or "white layer" ’ B
19 observed whioh resists etching according to the normal
macroetching practice, and 1s not oriented in any particu-
lar direction with respect tc the axie of the bullet hole. ?;;
This *white layer" was detected in standard rolled ‘
and cast chromium-molybdenum~vanedium plates of high and
mediun ballistic properties. and also in a high ballistic ’
plate containing 3.58% nicksl and 2.01% silioon.
Cast plate of the standard chromium-molybdenum-vansadium

composition and of low balllistic properties showed this type :

of deformation at the penetrated ares,




-l . .

Macrostructure of partial penetration
of .50 Calliber A.P. bullet into high ballis-
¢ . »
tic plate shows deformation of banding and

"whlte layer®,

Etch: Rosenhain & Haughton #29, Round 3

MA 378,

c
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(a) Spalling and defoimation of banding,

as well as "white layer" formaiion, are in-
dicated in this macrostructure of a conm-
rlete penetration of .50 callber A,P.

bullet into medium balllstlic plate,

#Ex 26 Round 4 - MA 585a b

(b) Shows partial penetrationof same plate,
#Ex 26 Round 7 - MA 381

Both etched in Rosenhain & Haughton's reagent,
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Figure 3 »
Plate No, 614=5H
(a) Shows oracking and sllp of metal in a
complete penetration of .30 caliber A.P.
bullet into medium ballistic plate. This
section 18 cut off-center from the axls ’
of the bullet, and taerefore appears to be
only partlial, Other penetrations in this
]
plate buttoned badly, and in this macro -
gtudy, the start of one 1s plainly shown.
#614~5 Round 5 - Ma 306 )
(b) same plate as above, & partial penetration. o
b ’

Note another crack which, if propagated,
would have caused s button,

#614-5 Round 8 - MNa 330
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Macroscopic examination of all samples indicate that
there is a relation between the amount of "white layer"
present and the ballistic resistance., To clarify, the
greater the btalllstic resistance, the greater the amount
of "white layer". The progresselve changes in the ocon-
riguration of the"white layer'are shown in Figures 4 (a)
to (e), which represent macrostructures of the ssme area
after removing precgregsively from 0,02 to 0,05 inch of
metal froom each section. It 1s evident that the distri-
bution and amount oftwhite layers'vary according to the
positien of the plane cut through the bullet hole.

A study of macrostructures thus shown illustrates a
pronounced distortion of the banded structure about the
bullet hole, lndicating a flowing of the metal as it is
forced aside by the bullet. It ghould be noted that the
most severe and abrupt dlstortion of the banding occurs
at the boundaries of the "white layer"; see Figures 2 (=),
2 (b), and 3 (a).

Figure 2 (a) 1llustrates & standard chromium~molybdenum-
vanadium plate from waich & button was blown off; early
development of spalling on plates of this same composltion
18 shown 1n Figures 3 (a), & (b) and 22 (r). The “potential"

button oracks appear to have thelr origin in the bands.

PP



Figure 4

Prosreasive changes in the contfiguration of the
"wnite layer" are illustreted here. For each successlive
plcture the specimen was re-surface ground and polished,
walch resulted each time in removing from 0.02 to 0.05"
of metal from the surface, After each repolishing, the
apecimen wag etched with & difrferent etching reagent in
order to deterwlne which brought sut the structure the best.

in these, as in the preceding photographs, a distortion
of the banding about tane bullet nole is very pronounced,
indicatiag a "flowing" of the metal ag it is forced aslde
by thne builet. It should be remarked that the most severe
ana abrupt distortion occurs at the btoundaries c¢f the
"white layer".

Noitce also the development of the three "white layers"
prancilng from the tip of the crack so prominently in (e).
In (a) they can be located by the deviation of the banding,
but are certainly not recognlizable as a layer, whlle in
(b) they can te i1dentified as a very tlhin layer of thie

peculiar structure, -

(a) £tched with Oberhoffer's reagent #WJ2-Round 3 NA 237

(b) Etched with Stead's reagent MA 278
(c) Etrhed witn Rosenhain & Haughton's

reagent, diluted, MA 302 '
(d) Etched with Humfrey's reagent MA 312

(e) Etched with Dlckenson'sa reagent MA 329
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A macroscoplc study was made on several sections of
bullet holes cut parallel to the surface and removed by ’
various amounts. A macro study of cross sections of bul-
let holeg from the same piates has been discussed in the
foregoling.

In the ocase of the plate WJ2, =4, containing 3.68%
nickel and 2.01% silicon, which was partially penetrated,
particles of plate were blown oft at the entrance end of
tae plate, and therefore no dlstor~tion was evident on the
surface layers, see Flgure 5 (a). At a depth of approxi-
mately .166 inch below the entrance face of the plate, the
firet evideance of torsional flow of the metal as revealed
by the ewlrling effect o the dendritic segregation 1s
evident., Near the exit ..3a of the plate, there ie & de-
crease in size of area digtorted by bullet lmpact.

Heavy membranee of "white layer" were present near
the bullet hole in the layers near the entrance face of the
plate. Tue orlentatlion of these layers varlied conalderably.
Crack systeums were promoted by the severe twlating of the
matal during bullet benetration. This plate 1s particularly
interesting due to the foct that dendritic segregation per-
slsted throughout the entire plate and evidence of the marked
rotational effeot of the bullet was revealed by the swirl of

the dendritlc seg:exatlon,

w13




Figure 5
Plate #¥%J2 - 4 High Ballilstlic Plate

Progresasive changes in the macrostructure. Marked
dendéritic segregation persists throughout the layers
as well as the torsional deformation caused by bullet
spin.

(a) Considerable metal blown out by the bullet, there-
fore no torelonal deformation evident.,
Rocenhaln & Haughton etch. MNA 345

(b) Metal still blown out, slight swirl evident.
Oberhoffer's etch, MA 747

(c) True plcture of awirl evident since we are now
P
below area blown out by bullet,
Obernoffer's etcn, as are all the followlng.

MA 772
(d) " MA 806
(e) " MA 853
(f) Note deformation extends telow the bullet hole.
MA 860
(g) " " " MA 86¢
(h) " " " MA 873
(3) " " " MA B76
(k) MA 886
(1) Note crack forms at outer 1limit of awirl deforma-
tlon. Corresponds to (c) above. MA 773
(m) MA 806 .
(n) MA 864

(o) Note the defornation extending below bullet holse.
KA 857

(p) Note the deformation which, covering same area,
ahows less violent perturba.ion of metal. MA 866

(q) MA 872
(r) Note beglnning of very slight decrsase in area of
dlgturbance. NA 877

(8) MA 885




x3 ) ' "a.'
a- .337"  ABove Borrom OF BuLiter Hoclce.

X3 -h.
b~ .263" ABove Borrormr OF Buiry  Ffhece

Frouee 3. Wh 63T 677

doicdaa J s Nt AU LV bai UG ded




N A
.~ ‘..l ;
. )
H L . .
g '
] i ) l .
. i + 13
LU AT
. (‘ . t g
A i .
1 I. ‘. ‘

X3 | : o - -

C- .JUW" RBove Borrom OF BULLET MHOLE.

7.
i
»
JPEEEN
R .
! I L .
o
f
. \
-~ .
n Al .
‘
) o
. i P -
: ' [ !
s ]
..
‘
;o i
P AR -
‘.,-i. .
t,
Y ,
' .
Lo
/ ,
o
.

X3 -d-
d - 126" /Nsove Borrom oF Buwler Mocet .

)i UNE 5T W sy 677 07

fole Jaa 1 i3 PAOY LY Udondudd i




." .'

[T A A

ey 3 N,,_/.su\)..,/;
L » R

Bor7zom OF Buiier HOLE.

‘7/
) . v'
. . e 7 ¢
NN T ‘.\\A\n m»..\.n
—h TR FE
PRY PN . &N.J«Ju\)

LAV ER VAR I NN (GO R FF N N

ABove
HBErow Borrosm OrF Butitr Mose.

LTl g a ) =
- - - ‘o S “ . =
- : - -~ o Y] -
L - . - . < X -
- e - D j
RPN e .Ils ” ' . 1 //V =
) DU o 2 - JEoSVEN 3
;
.
: - - - -
| a— - - - e -



/L F

OIS Beeow Borrorar Or Biocied

e

Butter /lers .

2¢" Becow Borrom OF

.0

h. -~

/

ﬂ-;; ;7

W 61y

1GURE 5

.

doN jdx 4 LHANWNYIAOD Lv Udonaguyd iy

St ¥ o gy s



i
&

. 037  Berow Borrom OfF Buiier Hoce

I

.O¥8" Beiow Borrom OF BuiLler MHolE.

.

Y
N

WP 63767

FiGuee &

doividad LNIVNE dADY LV Udondotid 1Y

TS AT

v "'-Hr*?r-ur*ﬂ!'j'.',:

P P ww Ay - ..

e o

EUAN YRR LT, v



‘o . : | | i "

L- .19/ ABove Beorrorm OF BuiLer HoLE.

X8

T .- L1267 FBeve  Borresa OrF Butler Holr,

SRS, w6t b

datiada d LHIWNY IAGY TV O300ad0ya iy




e &

Flovr s,

Bureer

PULLET

Ly Gdaiiuuyaddd

Rorrom OF

Borrom OF

UL

Yoo~ 12 -
. ~ o - FA ~

Q r/ - ../f e ~ > P R g m
«Q ~ Al I.i{ - -~ 2 -« O Z
A R S , - »~ B . o
- bad et e - < et
} -, . S - - > .z
B = ., TN o - -~
o)) e > -7 -~ N .
. P - - - ~ s
N b TR - y 7 <

b .
- ,u.l. Ay - . r Q] arte - N Tl ' - < <
- -~ N p - .\..\l!‘l.\.?}.. « . \
» caF L8 . - =
' 1y [\ - M

AP
va

yu oo ’
- .
. .t:

s e

N K o ALY e, B : - : . AR
P L - i EB. i WY . - . -

' M.....r:..b‘.l...,.,«rﬁﬂc_m. . r aiifiaaiae - n... . Q© . . . ..._”.... e e T

For,uice

vy
-



OF Bouwer Heore.

807 7or

BELow

. 0I5"

Hoce.

N
W
~

© 3

.

;L

O
Y
N
N
Q
©

"3
Q

. N
W

x

1"

/7

W.n e37- 677

5.

Frauee

v J3unuoyd iy

[

A

el

35%adad Livay




——————

Becow Borzom OF BuilLer Hoce.

W.h 6y ¢

soledda b e st vagty pv Usondutdd iy



Figure 6

26-6 Medium Balligtic Plate

Consecutlve layers through the surface show much

the same sort of tning as Figure 5, However, the

dendritic structure 1s almost negligible,

(a) Blackened zone shows metal forced up by bullet B
impact. Tae light etructureless bodv of the ® .
metal is the normal decarburized surface. :

1% Nital MA 285

(b) Swirling structure ie slightly masked by the
additional force introduced by the upheaval of
metal. Oberhoffer's etch as well as the tfollowing. ®

MA 745

(c) MA 752

d) Swirl of metal is undistorted MA 775
®

(e) VA 803 -

(f) MA 824 ,

(g) MA 874 2

L 3

(h) Back face of plate, VA 855

(3J) Corresponds to (b) above. MA 746

(k) MA 753 :

\ o

(1) MA 774

(m) NA 802

(n) MA 825 _

[

(o) MA 875 o

(p) MA 856

(q) Ball ammunition into armor plate. No awirling o
action of the metal about the edges of the 'Y
bullet hole can be found. o

Bullet: Cal .30 Ball M1, 2733 f.s. impact,.
MA 813
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Figure 7 (a) i1llustrates graphically the contour of
the area disturbed and twisted by the bullet,

Figure 6 illustrates the progressive changes in macro-
structures of area affscted by bullet impact 1n a standard
chronium-molybdenum-vanadium plate completely penetrated
by a Cal .30 A.P, M1922 bullet.

In the first three lsyers, the outer portion of the
awirl 1s masked by the upheaval of the metal forced back
by the bullet.

Thkis upheaval of metal 1s clearly revealed in 6 (a).

Beginning at and extending below the ogive to a
depth of 0,35 to 0,45 inch, a declded twist is evident and
then 1t deocreases in intensity at the exit face of the plate.

Since the force causing the twigting of the metal has
the game direction as the spin of the bullet, it is reason-
able to assume that thle dietortion 1e produced by the
bullet spin.

A study of the macrostructures of this serles indlocates
that "white layers" represent planes of greatest slip stress,
oriented 30 to 45 degrees to direction of lmpact, and perelst
at the bullet hole., A circular gwirl of deformed dendritioc
segregation as the result of the spinning of the bullet
was clearly evident,

Figure 7 (b) 1llustrates the hour glass shaped ocontour

¢f the area affected by bullet impact.
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Figure 8 "_;

(a) Twisting of metal inside hole made

by armor plercing bullet impaoct.

Unetched. e

A 832 ‘

K

QL

(b) scale blown off back of ermor plate e

by bullet impact shows character-

istic L#der line pattern. See .

® ®

Figures 9 (a) & (b). Unetched,

710-200
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It 19 interesting to note the similarity of the hour
gle.se shaped contour of the area in armor plate of the
standard composition and a simllar strained area revealed
by Fry's reagent around a partial penetration in a low
carbon steel plate.

To confirm the opinlon that the twisting of plate
metal about the bullet hole was caused by the epin of the
bullet, there ie illustrated (Fig. 6 (q)) a punching impact
made with ball ammunition. Due to the flattening of the
lead immediately on striking, no spinning action was intro-
duced into the plate, and true to predictions, no torsional
flow could be found in this plate.

Spiral stristions on bullet cores as the resuit of a
boring actlon through plate are shown in Figure 8 (c).

Twisting of the plate metal when an armer plercing
bullet etrikes armor plate ls clearly shown in Figure 8 (a).

Strain markings in the form of Lfider lines are oc-
casionally revealed on the recar face of armor plates due
to the fact that scale is sometimes blown off in these
formations, see Figures 8 (b)

This scale pattern has no obvious relation to the o2~
currence of "white lsyer".

It has been i1mpossible thus far to reveal sirain
narkings or L#der lines in armor plate by various methods

of etcning. Fry's reagent, whicn ie recoammended for

]l
450 3dad INJIWYIAOY LV d3unusydiy




Figure 8

(a) Twisting of metal inside kole made
by armor plercing bullet impact.

Unetched.

MA 832

(b) 5cale blown off back of ermor plate
by builet impact shows character-
istic L#der line pattern, See ™
Figures 9 (a) & (b). Unetched.

710~200
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Tevealing strain in low and medium carbon steels, 1is not
sultable for revealing strain in aruwor plate, due to tne
fact tnat no free ferrlte persists in heat treated arwor
plate. There are inserted photographs, Figures 9 (a), (b),
which 1llustrate clearly L#der lines on the front and back
faces of a low carbon steel plate gubjected to impact with
Cal .30 baell ammunition at a striking velocity of 2600 f.s.
It 1e interesting to note that L#ders on the rear face
of low carbon steel plate affected by bullet lmpact, as re-
vealed by the Fry reagent, are quite elmilar to the strain
markings on the rear face cf the same plate shown by blowing

off scale, see Figure 8 (c),

Microstructure

Normal etching reveals clearly the wmovement or faulting
of the metal near the bullet hole but, on the other hand,
fails to reveal the internal structure of the “white layer",
as shown in Figure 10 (a), (b) and (c). The abrupt shift
in the banding continuity from one side of the “white layer’
to the other in Figures 10 (a) and (b),shows distinct evl-
dence of a sudden slipping of the metal in the plane taroush
the layer. The degree of this deformatlion 1s evlident when
1t 18 consicdered that in the undistorted region beyond the

bullet hole, the banding is perpendicular to the dlrectliocn

w] Oem
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(a) Ldder lines on face of low carbon plate
after impact with bail ammunition
2600 f.s.
Fry's reagent after heatlng 45 minutes,
preaeating at 200°0,
MA 823

(b) Rear face of same plate.

“ry-a reagent after heating 45 minutes,
preheating at <00°C.
MA 871
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Figure 9 (c)

°
Scale blown off back of low carbon plate
rubjected to A.P. bullet impact of various
[ striking velocities, Scale blown off back
' of plate shows characteristic L#ider line
patterns,
™) 710-182
K
o -
°
°
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(a)

(b)

(c)

Figure 10

The abrupt enift in the banding continuity from
one gilde of tine layer to the otner shows distinct
evidence of & sudden slipping of the metal in the
plane thru the layer., The degree of this deformation
18 seen when one conslders that in the undistorted
reglon beyond the hullet hole, the bands are perpen-
dlcular to the directlion taken by the bullet, whereag
here tney are ofi this norwal by approximately 60°,
Tne pronounced drawing in of the metal toward the tlo
of the layer occurse in almost every case,.

1% Nital #Ex 26 Round 5, MNA 175
The macroetch does not define the banding so clearly
as the others but the slipping of the metal, as well
as the change 1n dircction of the banding across this
peculiarly shaped boundary, 1s evident, The path of
tals layer docs not follow any apparent rule, and this
one cege illusgtrates typlcal behavior, (not in shape,
but 1n the epparent irregularity of patn), of a con-

slderable proportlon or the layers.

Rogenhain & Haugntnn's reagent. #514-5 Round 5,
MA 412

In thls capse the layer seeéme to e the boundary of un
anguler defllection of the bendlng, rather than the rloce
of a linear shitt in thelr continuity. The "density" of
tuese btandlngs aleo appesrs different on esch slde,

glowing A Klnd ot compression of the bauding on tre rlde

nearest tne bullet hole. 1% Nital, #Ex 2C-Bound &  Ma 170
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teken by the bulliet, whereas in the cases i1llustrated
they are deflected from 45 to 60 degreee from normal.

The "white lsyers" which are shown in Figures 10 (&),
(b), ana (c), and in 12 (c) and (d) are typical of tiose
examined in varlous armor plate compositions, and it is
evident that they are not oriented in any particular di-
rection with respect to the axis of the bullet. They occur
either parallel to or at various angles to the bullet axls,
gee Figures 11 (a), 11 (c¢), 12 (c), (4), 13 (a) and (b).

It was determined that "white layers" were present
ooccaeionally at the edges of the bullet hole, as shown in
Flgures 11 (a) and 20 (a). It is interestlng to note taat
these particuler "white layerg" are etched more resdlly than
those away from the bullet hole. Typilcal flow lines are
evident in the layer at the edge of the bullei hole,
Figures 11 (a), and 12 (a).

In the case of some "white layers" close to the bullet
hole, flow lines are prerent in the outer borders of the
layer, see Figure 11 (b). Also, after a relatively ceen
etcoing, 8 coring effect is noted in some of these "wnite
layers", see Figures 11 (b), (e¢) and 12 (b). It 13 possible
that the heat of bullet impact has tempered some oI the
"white layers", thus producing trcostitic borders (softer

material).
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Figure 11

Illustrating the sort of fine "flow" lines found
at the outer edges of many of the broader layers.
Here they branch into a relatively thlck'layer whioch
forms a coating on the bullet hole, where they be-~
come more pronounced. A coating like this, which
snowe the "flow lines so plainly in &1l cases, ecvches
much more readily tnan layers in the interior of the
metal, regardless of whether "flow"lines are found or
not. | l |
1% Nital #614-5 Round 6 MA 170
Etching to the extent shown in this micrograrh,
which bringe out a set of "flow" lines to & consider-
able depth into the layser, wae rarely found on &
lightly etched and untempered specimen, The layer is
also unusually broad,

1% Nital #614-6 Round 10, MA 399

Layer which runs quite parallel to the bullet hole,
Notice here mlso the “coring® effect caused by the
partlal etching of the borders while the center re-
mains wetched,

1% Nital #614«~5 Round 3 MA 164
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Figure 12

(a) Deformed metal at lower edge of the penstra-
tion cavity, Usually the "white layers" at the
edge of the bullet holes are readily etoched as
ehown in this photomicrograph.

2% Nital #614-5 Round 8 HAl~101l

(b) Coring effect at edge of "white layer". This
coring effect is probably cauased by tempering
of the martensitic 'vh;te layer® ag the result
of heat from bullet impact, thus produclng

troostitio borders.

5% Nital #614-5 Round 8 HAl-140

(o) Layver branching out at 45° angle from bullet
hole.

1% Nital #6145 Round 9 MA 172

(d) Thnis"white layer*which terminates in the vi-
einity of much slag, doss not seem to have

any relation to 1t.

1% Nital #614-5 Round 10 MA 398
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On one occaslon it was determined that after a "whilte
layer" was formed, the metal slipped along a plane which

was clearly revealed by etching, see Figure 14 (ea).

e "White layers" do not foliow nonmetallic inclusions of
the stringer type, as shown in Figures 12 (d) and 16 (4).
It has beaen shown uwnder high power axapination that
P rounded nonmetallics are present in the "white layers",
in contrast to deformed or broken nonmetallic inclueions
- outslde the "white layer", eee Figure 15 (o).
el i On the other hand, Figures 15 (a) and (b) show uneffected
| nonmetallics adjacent to and partiaelly within the "whilte
layer",

It was difficult to correlate the formation of crack
systems with "white layer" formation. Basing A conclusion
on the direction and occurrence of oracks in relatlon to

e e e i_ the "white layers", they may be divided into two classes:
'  (a) Cracke which may have formed during the formation
of '"vhite layer", Figures 16 (a) snd (b), 14 (c)
and (d), 17 (a), (b), and (c);
. (b) Cracke which may have foimed after the layer,
s T s ’ Figures 11 (b) and 13 (a);

In nesarly one~third of the "white layers" examined,
crack evstema were found snowing evidence of twietine, or
rupture by tearing the metal apart, Figures 16 (b), 17 (a),
(b) and (c).

-18«
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(a)

(o)

Figure 13

An interesting concurrence of crack and
"white layer", altkough no inference can
be drawn es to any inter-relation of the

two.

1% Nital #614=5 Round 10. MA 400

Thic shows an abrupt shift in the crack's
continuity at the boundary of the "white
layer", indicating elther a slipping of
this whole layer after the formution of the
crack, or a slipping of the metal after the
crack's formation that was part of the
process of layer forwaticn,

14 Nital #A Carburetor Cove:r MA 229

d5N3dad INIWNHIAQYD Ly d30NdJdodydidl




Btart ae sA X et red

~~
Y
FIG /'3 WA Sy

GSNIUAd LITAVING 3A0Y LV d3onygoyd gl




(a)

(o)

(c)

(d)

- . -
[ CXRE R |

li~l (e)

(£)

L 1 "'-_"“i
3

Figure 14

Tnise layer obviously was formed previous to a
8lipping >f the metal along the plane marked
by a very faint line cutting across “he layer
at the point of its abrupt shift.

1% Nital #614~5 Round 10 MA 406

A "white layer" at high power and, as in every
cage examined, no structure l1le dlscernible,
1% Nital #WJ2 Round 9 MA 167

A crack which progresees along one slde of the
layer, cuts ucross it and progresses along the
other side, with no apparent cause for 1ite
ternination at either end, or no indlcation of
ite origin.

1% Nital #WJ2 Round 9 MA 163

Fine crack progressing down "white layer" and
gwerving off to an abrupt end.
14 Nital #614=5 Round S MA 414

Typical microstructure of decarburized surfaco
of armor plate away from bullet hole.
1% Nital VA 276

Typical trooetito~rorbite structure of metal
forced upward at bullet lmpact,
1% Nital MA 275
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(o)

(c)

(a)

Figure 15

Elongated slag inclusions bordering "white layer",

Sketcn shows location of slag with respect to

bullet hole. Normnally, 1.e. peyond the reglon in

wnlch the bullet exerted its influence, all the

slag was elongated in the direction of rolline,

that 1s perpendicular to the bullet penetration,
MA 714

Another noumetallic strinzer, this one peneira-
ting into the interlor of the "white layer®.
The deviation from a straight line upon entering
into the layer suggests a "flowing" of the metal
in the layer most severe at the core, hut at a
temperature insufficient. to fuse the slag.
1% Nitael #6l4-b Round bc MA 713 A

Derk spots are actually gray~colored incluslions
with emooth sepherical shape in the "white layer'.
Thev have been undisturbed by tbe Jdeformation of
the metal., It i1s belleved that sufficient heat
has been produced 1n the formation of these "walte
layers" to melt the nonmetallics. Upon subsequent
solidification, the particles awvsumed thelr normal
shapes and thus presented the appearance of having
veen unaffecuved by the chock of penetratlion.

X300 5% Nital #614-5 Round 8 HAl1-129

Long slag stringer which etops at the "white layer".
Thie 1e undouhtedly a colncldence, but it does

show that the "white layer" formation does not

form with any particular relation to the stringer
incluslons.

1% Wital #614=-5 Round 10 NA 401
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(a) The deformation of the banding as well as the

" relationship of '"white layere" to the cracke 18
especlally pronounced in thie micrograph. The
complete abgence of "white layer" in eome places
would indicate that the continuity of ite formatlon
was interrupted by the simultaneous growth of the
crack. There is certainly in thls case some re-

lation between the cracks and layers, but Just

what 1t 18, 1s not obvlous,

1% Nital ##614=~6 Round 3 MA 1656

(b) This crack in the "white layer” shows elther
& pulling apart of a fairly aCheslve substance
— to form the crack, or else a torsional force
acting in the crack's formation. Thls twisting,
Jagged type of crack 1se frequently found, and
P et oy comprises sabout one-third of all the cracks
found in layere.

14 Nital #wJe Round 2 MA 168
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C
) Figure 17
e
o gt Illustrating in different steels, and at
e various magnifications, the twileting Jagged crack
characterietic of a large proportion of cracks in
"white layers'.
€ (8) This micrograph ls not so clear because of the
very deep etch, but it shows the twisting of )
S AP crack and "white layer" at high power,
‘ 10% Nitael #614-5 Round 6. MA 166
(b) Notice the termination of the cracking at the
extreme upper pert of the plcture. On visual
s examination of the rest of the "white layer® it
e ] wag found to be entlrely free of cracks from
thie point on, .
f Rosenhain & Haughton #29 Round 2 Eﬁ ggg
(c) Color bandings brougnt out by thies etch show a
C»Abe,r_nu‘ very definite torsional movemsent of the metal
. when examined visually. Unfortunately the photo-
graphic emuleion does not bring out the true
< color velues, and therefore a good deal of the
effect 1s lost.
Picric Acid etch, #WJ2 Round 3 MA 407
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It 18 believed that this evidence of twigt in the
crack systems 18 the result of torsional impact. The
e twiets in “white layers" were found near the bottom and
close to the side of the bullet hole. Together with the
information obtained from macro study, these plctures
eupport the view that the spin of the bullet has exercised
& torslonal foroce on the metal,

The "white layers" are resistant to the normal pro-
CRCT. ' cedure of etching. Relapively deep etching reveals a fine

aclicular structure similar to martensite in "white layers"
found in an armor plate contalining 3.58% niockel and 2.01%
silicon, Figures 18 (d), (e) and (f). The structure of the
armor plate proper was martensitic. On the other hand, the
layer appearance in e standard chromium-molybdenum-venedium
U armor plate is similar to that of sorbite, Figures 18 (a),

- (b) and {c). Their failure to exhibit an acicular structure
1e no proof that they leck the characteristics of hardened
steels since suck steels do not necessarily have 1o aesune
one definite type of structural arrangement.

The structure of thle ohrome-molybdenum-venadium plate
wag troostito-eorbitic,

High power examination after continued etching, tho
standard composition in 2% nital reveals the presence of
fine, though rounded, detail within the "white layer" and
algo the presence of cracks shown in Figure 19 (c),

-19-
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Flgure 1

Theee micrographs show the best of the reaults
from an exhaustive series of tests made to dlecover what,
if any, method of etching would bring out the structure

in these "white leyers"®.
(a) Very deep Nital etckh, #614-5 Round 6., MA 238
(p) Deep HCl etch, #6148 PRound 5. LA 307

(¢) Very deep HC1l, HCl and HNOz, and finally Rosenhain
and Haughton applied in that order.
#6146 Round 10, MA 308

(&) Deep Rosenhaln and Haughton etoch,
#WJ2 Round 3. MA 303

(e) Rosenhain and Haughton, re-etched deeper than {d).
The blackened area in the lower right corner appears
because the etch was so deep as to eat away the metal
gurrounding the “white layer",

#WJ2 Round 3. XA 304

(f) same as (e}, but & different locatisn in the gpeclmen.
Note the appearance of layere within the layer,
#WJ2 Round 3. MA 305

(g) scratch test, showinz a considerable necking down of
the scratch aes 1t passes through the "white layex',
#614=5 Round 5, VA 240
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A study of the "white layers" under oblique iliumina-
tion revealed many lnteresting details which could not bte
detected with the usce of vertical illumination. The almost
complete absence of characteristic, well-cdefined structural
outlineg (see Figure 19 (a) ) was noted and explained with
the aid of oblique illumination by which it was possible
to photograph the real surface conditions of the "white
regions", Figures 19 (b) and (d). The latter were haré
enougn to resist the cutting ection of the polishing mediumn.
They presented to the microscope, therefore, not flat smoothly
finished faces but ratber irregular, cracked, furrowed onese,
the structural features of which could not poesibly be seen
ag normel metallographic outlines.

The relative harcness of the layer as compared to that
of the surrounding metal is 1llustrabted by the scratch test
ghown 1n Figure 1& (g). Moreover, the bardnegs of these
layers 1s evident since they stand out in relief after metsli-~
lographic pollsbing.

The results of this investigation indicate that these
"white layers" are marteneltic ag the result of heat gener-
ated by selip. In thls connection, it 1s interesting to notc
that E. A. Atkins found tiat fractured wiree had been sub-
Jected to such intense friction that the skln wasg converted
into martensite (The Journal of the Iron & Steel Institute,

No. 1, 1927, Vol. CXV, p. 443).

20w
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Flgure 19

Microstructure of a ¥"white layer® in the
vicinity of a bullet hole. Vertical illum-
ination. Note abeence of definite xlcro-
etructure ofter hormel etching.

2% Nitael #614-5 Round 8 HAl-1i06

Same &8 in 15 (a) = Oblique illumination,
Fine cracks are evident within the "white
layer", aleo flow lines are present within
and cdlacent to the layer.

2% Nital #614=5 Round 8 HA1-106

Same &8 15 (b) after additionel etching in
2% Nital. Vertical illumination. Note
presence of fine though rounded deteil within
the "white layer" and also the presence of
cracks,

X3000 #614-5 Round 8 HAl-11l3

Fine detall apparent in another %white
layer", Obiique 1lluminstion. Here ig evi-
dence of the furrowed condition of the sur-
face whicn prevente the presentation of well-
defined structurel characteristics.

X3000 5% Nital #614-5 Round 8 HAl-148
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Furthermore, N. Dawidenkow and I. Mirolubow found these
"white layers" in a 0.39% carbon steel sample 13 x 135 x 7 ma
which was subjected to the impact of a ram welghing 50 Kg
and falling from heights between £ and 3 meters., The
authors stated, "The material of the layer finds itsell
in the martensitic oondition only possessing no charac-
teristic needle-like structure, because it was formed under
peculiar conditiona, which have not been investigated, such
as high pressure and high transformation veloclity."
(Technical Physice of the U.S.S.R. 1935, Vol., II, p., 28l1).
The authors also found that tempering of the layers produced
structural changee and a decreese in hardness. Thls agreec
with the results on tempering of the layers produced by
bullet impact which are deacribed below,

Teuwperihg a standard chromiun-molybdenum-vanadium armor
plate st 200°C for balf an hour causes & transformation at

the borders of the"white layere" into a constlituent which

clogely recembles troostite, see Figures 20 (a), (b), ana (c).

Tempering thie composition at 300°C for half an hour
cauges a neerly complete transformation of what 1f belleved
to be martensite in the '‘white layer"” into troostite,
Filgures; 20 (d), and (e). In several instancec, the exoct
Center of the layer was not fully transformed at the 3G0O°C

vemper, see Figure 20 (e).
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Figure 20

(a) This speclwen, on which the scratch teete and tewmp-
erin;;, teste were made, i1s shown herg befors ellher
wa.e done, The deformation of the banding 1s vorth no-
tice, as well as the filow lines discernible in the
whilte coating around the tip of the tullet hole. The
difference between thie coating and the "white loyer®
la cleo breught out, since one of the layers can b~
clearly ceen within thls ccating. Compare Fig. 7(a).

1% Hital etch #614-5 Round 5. A 171

(t) same location in the specimen after tempering 3%
minutee at 200°C, eurface grianding, and repolishing,
Here the difference between the coating and the lay-
erg has become more pronounced, The conriguration of
the ®white layer!" ia of course different becauese of
tiic change in the sectlioning plane, but the layers
originally well-defined, have begun to ghow & sglight
fuzziness at the edges, which 1t seems ressonable to
arsun2, 1ls due to the tempering ccticn rather then
the change in plane.

1¥ Nitel etch #5614-5 Round 5. MA 349

(c) Layer structure examined closely after the 200°C
temper. Thne fuzzineegs indicated in (b) shows itself
ag a slight etching.

1% Nital etch #614-5 Kound 5. MA 325

(a) Arfter 300°C temper, showing & precipitation of
carbides on the layer that ere elightly larger than
taose found in the normal metal. The ease with which
the layere etched after thie tempering confirmas the
deduction from (b) and (c¢) that some trensformation
ia beginning to tuke place.

#614-6 Round 5. MA 3563

(e) Anotrer layer in thic same gpeclmen, The fine
"festher" appearance caused vy flow lines on the
outer portions of the layer sre simllar to those shown
in tle untempered specimen, Figure 7 (b).

1% Hital etch #614-5 Round 5. MA 354

(f) A different compoaltion cteel, also tempered at 300°C
for 30 winutes. This also shows & carbide preciplta-
ticn, but more uniformly than the other specluen,
Trooetito-sorblte.

1% MNital etch #WJ2 Round 5. MA 260
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Tempering a 3,58% nickel, 2.01% sllicon composition
at 300°C for half an hour promoted a complete trensformetion
of tke layer into a constituent resembling troostito-gorbite,
Figure 20 (f}).

After temnering, "white leyers' had the following
metallograpkic characteristics: (&) they 8L00d out less
in rellef after polishling; (b) had a slightly lower resio-
tance to abrasion; (c) did not appear to be ertensively tur.-
rowed; and (d) hed a greater fineness of gur.,. ure.

Rolled low cerborn ateel plate containing 0,19% carbon,
when peretrated by armor plercing bullets, ie not subject
to "'white layer" formation.

lacroscopic exemination of penetrated Hadfleld's
Austenltlec Manpanese Steel, containing 1.17% carbon end
11.40% manganese, revealed o darkened zone in the vioinity
of the penotrations, lgurer 21 (&), (b), (c), and (ad).

Eicrogcopic eramination indlcated that these darkencd
areae cui: .t of carblde precipitation, deformed austenitic
graing, and dark layere similar, with recgpect to corlentatio:n,
to the "white Jayere" found 1n nonaustenitio stecls, but
whlich wele darkened readily Ly the normal etubing, sec
Flguree <1 (), (h), and (1),

The combined cifoct ¢f sovere detforsation and locul -

rige 1n temperature durlng bullet impact has evidently
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Flgure 21 -
Plate #2

(a), (b), (¢), (d), These all show & characteristic
blackéning about the bullet hole which 18 a carbide
precipitation ceuged by heat effect of the pene-
trating hullet.

1% Nital etch. MA416, MA417, MA3S7, MA432

(e) Thle 1se the same as Figure (d), but photographed
with oblique illumination. The feulting, or selip
lines revealed in thls are present in all the gpeci-
mens, but are partially obscured by the parailel
illumlination in the other photos, which was neoces-
sary to reproduce the carbide precipitation.

1% Nital etch, MA 433

(£} Microstructure of plate in an area far removed
from the penetraetion.

1% Nital etch, ¥A 390

(g) A wlcrograph of the feulting lines reveals them
to be plecee of denwue curbide precipitation. The
distortion of the gtructure by the i1mpact le evi-
dent when this micro ie compared to (f).

1% Nital etch, MA 391 o

(h) Crusbides, precipitated out in the l.eat of im-
pact, forw slong grsin bounderice and ellip lines,

1% Mital etch. MA 394

(1) Cerbides found in selected arags as well ag
grain bounuariaes.

1% itel etch, MA 392
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caused decompoeltion of the austenite into areas contalning
carblde and poseslbly some alpha iron, Also, carbide precipi-
tation was present at the boundariee and in the slip planes
of the austenitlioc grains.

The structure of the manganese steel plate at consider-
able distance away from the bullet penetrations consists of
& normal austenitic grain with no evidence of carbides at
the grain boundaries, Figure £1 (f).

Microscopic examination of a cross section of bullet in
plate ehowed no evldence ol fusien of bullet core to pleate.
Furthermore, the effect of heat resulting from bullet ren-
etrations on the etructure of plate and core is given below:

(1) Carbide precipitation at surface of core immediately

adjacernt to the plate, Flgures 22 (a) and (b).

(£) Deformed "white layer" at edge of plate in con-

tact witih hullet core, Figure 22 (a).
(3) Decarburization occeslonally found at the sur-
face of the buliet core, Figures 22 (o) and (d).
(4) Troostitic layer near surface of bullet ocore,
Figures 22 (c¢) and (4).

It has been previously shown that bullet corss are
sllghtly decarburlzed after heat treatment. Therefore, it
1e difficult to stoate definitely whether the decarburiza-
tion, found in the present core stock, 1e due to heat of

bullet lopact,
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Figure 22

(a) The flow 1lin3s in the white coating on the
plaete's edge, as well as the indication of flow
in the plate itself (upper portion of photo marked 1)
is8 shown in contrast to the structure of jacket
metal, 2, and the bullet core (lower half marked 3).

1% Nital #614-5 Round 3. MA 430

{b) Thie micro ehows the core and plate in complet.

PO

contmet &t this point. Notlce the carbide precipi-
tate on the core, and tlow linee in the pleate.

1% Nital #614-6 Round 3. MA 159

(c) Extreme edge of core, which shows a surface

decarburization.

1% Nital #614-5 Round 3. MA 429

(d) 8truoture of core 0.0006 inches from tke edge.
Compare with Figure (c). The blackenlng is due to

tempering frow heat generated by lmpact.
1% Nital #614~-8 Round 3. MA 428

(e) Crack on tip of bullet core. Compare thin oore
structure with the structure on the gldes, snhown

above. 1% Nital #614-6 Round 3. MA 431

(f) Unetched photo skowing the locations of the

nlcrographs.
1% liltal #614-5 Round 3. MAL1O
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A thin layer of jacket metal located between the
bullet core and plate ig ghown in Figure 22 (a).
Flgure 22 (f) shows & oross sectlon of this bullet core

in plate.

Hardness gSurveys

A Vickers-Brinell hardness gurvey of about twenty-five
penetrations of homogeneous armor plate indicates that in
partliallv penetrated plate, the maxiwmum hardness is in the
viclnity o the tlip of the peunetration or uear the conuour
of the bullet nole, representing the ogive, as noted in
Figures 23, 24, 25, 26, 29, 31, and 33.

Several tests indicated that about .16 inch away from
the bullet hole ‘he harduess dropped fifteen points below
the normal hardness of the plate, see Figure 27. Tiulos
indicatea that a tempering effect may have bsen produced
by tke heat of bullet lmpect. Immedlately at the edge of
the bullet hole, the hardnees was twenty pointe higher than
that of the plate,

Hardnees surveye were ocoaslonally made following thne
contour of the bullet hole, &s shown 1n Flgure 28, Thig
particular plate spalled. The metal near the bullet hole

18 hsrderned considerably while the hardness througa the

~l24-
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cross sectlon of the plate from top to bottom variee as
shown in Flgure 28, The areag near the blowing off of
the button are relatively harder,

Hardness readinge near the penetrstion of Ex 26l
are irregular, see Figure 30.

The hardness of argas near penetrations in Hadfield's
¥anganese Steel was increased in some areas about 250 polnts,
Vickers-Brinell, Figures 31, 32. Bullet impact evidently
promotes pronounced local work hardening in this steel,
but not to the extent, héwever, to stop tbe bullet from
penetrating the plate.

Ars g matter of interest, a hardness survey was made
near penetrations in a low carbon steel plate, Flgures 33
and 34, Curves typical of those determined on eome &rmor
plate penetrations were obtained.

A serles of interesting hardnese surveys were made on
layvers cut parallel to the surface at varlioue depths, the
eame sectlions which were studied macrosccplcally, Figures
35 to 51 inclusive,

Hardness surveys at the surface of the srmor plate
investigated, showsed that the gamples were noticeably
decarburized.

Hardneass curves 1llustrate the fact previously dlo-

cussed that upheaval of the metal arouna the bullet lmpact
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has occurred. This metal has the hardness of heat treeted
armor plate while areas away from the bullet hole are
relatively soft, dus to decarburization., Figure 14 (f)
showe the microstructure, the troostito-sorbitic struc-
ture walch has been pushed upward by the bullet, waile

14 (o) illustrates the structure of the normal decarburized
surface.

The crater on the surface of the armor plate 1 metnl
rushed upward by the bullet. Thie area of dlsturbance oa
the surrace coincildes witb the deformation reveaied by
macro-examination, see Figure 7 (b).

Hardness surveys on layere from the nicxel-glilicen
plate (WJ2-4) indicated that the metal deformed around tnc
bullet hole, &8 shown by a macro study, was hardened &ap-
preciably (Figures 35 - 43).

Figurcs 44 -- 5. show that the hardness lncrease in
the penetrated chr:ane-molybdenum-vanadium steel vas in-
creaged (o about 20 polnts Vickers-Brirell elonyg the oxive.
Also, the work hardened area coincldes tfairly well with thc
contour of the distorted metal as revealed by the mecro-

etoh in Figure 7 (b).

26
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CARBON STEEL FLATE

Homogeneous Carbon Steel Plats.
12 x 12 x 1/2"
Brinell - 120

L Mo 81 8 R Cr

.19 .42 ,025 .,034¢ ,012 ,b0O6

Ammunitior - .30 cal. 165 gr, M1922. A.P. o
Range ~ 100 yards.

Specification - AX5-54, Rev, 2.

Partial Penetration - Str. Vel, 1500 f/s.

Complete Penetration - Str, Vel. 2300 f/a.
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PLATKE NO, 29

High Ballistio

DISSTON - Homogeneous Armor Plate.

2 x 12 x 1"
Actual thickness - 1,0L66" %
Brinell - 418 i
L ¥ 9 S5 P Cr o _Va |
.20 .70 .25 ,020 .,023 1,12 .65 .25
Cr et Anmunition ~ .50 cal. 750 gr. M-l A.P.

Range - 100 yards. 1

Specification - 31,

Round 1. Str. Vel, 2499 f/s. Partial Penetration.
Helght of Bulge on Back « ,01"
Depth of Penetration - 77"

T Round 2. Str. Vel, 2568 f/s. Partlal Penetration. o

Helght ot Bulge on Back - .0S"
Depth of Penetration - .98"

Round 3. 8tr. Vel., 2640 f/s. Partial Penetration.
Helght of Bulge on Back - .06".

[ S S

Deptk of Penetration - .96".
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PLATE NO. WJ2

High Ballistic
JESS0P - Homogeneous Armor Plate
12 ¥ 12 x 1/2"
Actual thickness - ,496"
Brinell - 566
L o Mg 81 8. B NA. _Cr
.425 .66 2,01 ,018 ,024 3.58 0.24

Ammunition - ,30 cal. 1656 gr. M1922 A.P.
Range - 100 yards.
Specification - 31.

Round 3. Str. Vel. 2509 f/e. Partial Penetration,
Helght of Bulge on Back = ,01".

Round 4. Str. Vel. 2682 f/s. Partial Penetration.
Heilght of Bulge on Back - ,01".

Round 9, Str., Vel. 2945 f/s. Partial Penetration.
Helght of Bulge on Back - ,01",
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PlLATE NO, 29

Size:
Manufacturer:
Type:

Ampunition:

W e = m e e w W g T e W W LW £ S Bt B i A - S

Plate with High Balligtic Limit

Plates No., 29, WJ2

12 x 12 x 1 inches
Henry Disston & Sons Co.
Homogeneous

Calibver .50 A.P., 750 grein N-l

Distance from Plate to Muzzle: 100 yards

Brinell Hardnegs: 418

Chemical Compositilon:

c ln

S P Ve Cr Mo Cu

c.% 0.70 0.2 0,020 0.023 0.26 1,12 0.65 0,312

Balligstics

Round 2 Round J
Penetration Partial Partial
Striking Velocity 2568 ft/sec. 2640 ft/sec.
Height of Bulge-btack 0.C6 inch 0,06 inoh
Depth of Tadent 0.98 1inco 0.96 inch

-l
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Plate with High Ballistic Limit

PLATE WJ2

Size: 12 x 12 x 1/2 inches ;,:
Manufacturer: Jessop Steel Co.

Amnunition: Caliber .30 A,P., 1€5 gr. bullet M192Z

Digtance from Plate to Muzzle:; 100 yards 'y

Brinell Hardnees: 555

Chemical Composition:

c Mn_ I3 2 )y N4 gr
0.425 0,66 2,01 0,018 0.024 J3.58 0.24

Ballieticp o
Round o und_ 4 Round b Round 9 |
Penetration Partial Partial Partial Partial
’ Striking Velocity 2699 2682 2639 2945 ’

rt/sec. ft/sec. ft/sec. ft/esec.
{ Height of Bulge-tack = .01 inch 0.00 inch 0.01 inch

e Depth of Penetration - - - - '
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Plate with Medium Ballietic Limit

Plates Ex 26, 614-~56

PLATE EX 26

Size: 18 x 18 x 1/2 inches

Manufacturer: Henry Dlisston & Sons Co.

Type: Homogeneous

Ammunition:

Calitlber ,30 A.P, 165 grain bullet M1922

Distance from Plate to Muzzle: 100 yards

Brinell Hardness: 402 - 418

Chewmical Composition:

C ¥n _51 Va Cr
0.38 0,69 0.17 0,30 1.14

r-iligtice

Round 4 Bound &

Penetration Complete Complete
Striking

Veloclity 2704 2696

ft/eec. ft/sec.
Core thru back - 0.69 inch
Core thru front - 0.02 inch
Diemever of
hole .41 inch -
-3
) o ® » ® ) ® °

_Mo_ Lu
0.66 0.296

Round 6 Round 7
Complete Partial

2388 2286
ft/sec. ft/eec.
.01l inch -

® ° Y °
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Plate with Medium Ballistic Limit

PLATE 614-5

Size: 18 x 18 x 1/2 inches

Manufacturer: Watertown Arsenal -~ Henry Disston & Sons Co.
¥.A. Order 8542 - Ingot 12-614

Amnnuniition:s Caliber ,30 A.P, 165 grain M1922
Dlstance from Plate to Muzzle: 100 yards

Brinell Hardnees: 430 - 444

Chemical Composition:
C Mn Si S P N1 Va or Mo cu

————

0.51 0,42 0.14 0,013 0.016 0,09 0,29 1.21 0.56 0.252

Ballistice

Round 3 Round 5 Round 8 Round 9 Rouné 10
Partial Partial Pertial

Penetration Complete Complete

C.1.P.
Striking ) 2673 2495 2391 2409 2446
Veloclity ft/sec, ft/ecec, Tt/sec. ft/sec,. ft/scc,
Ht.Bulze-back = - 0,03" 0.00" 0.06"
Dia.Hole-back .- LO1® - - -
Core thru g W - -
back .26 - -
Spalling
=l
- L J o ® ® ® [ J ® ® ® ° ° °
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Plate with Poor Ballistlc Limit

PLATE NO., 2

Size: 12 x 12 x 1/2 inches
Manufacturer; Taylor-¥harton Co.

Type: Homogeneous

Anmunition: Calirver .30 A.P. 166 grain 1922
Distance from Plate to Muzzle ~ 50 yards

Brinell Hardness: 255

Chemical Composition:

£ —Mn —24 g P
1.17 11,40 0.405 c.018 0,057
Ballisticg
5 %2%9_ Round D Boupd E
enetrstion omplete Complete Complete
Striking Velocity 2215 ft/sec. 2357 ft/sec. 2283 ft/sec.
Dia. Hole-back - 0.25 inoh -
Core thru bpack .93 1nch - 0.25 inch
Core thru front .07 inch - -
Ht. Bulge-back - Ocl4 inch 0.17 inch
~5-
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ARNOR PLATE

(subjected to Bell Ammunition Impact)

PLATE NO. 11 - Round 13

Size: 12 x 12 x 5/16 inches

Vanufacturer; Henry Disston & Sone Inc..

Aumunition: Caliber .30 Ball M1, 110 grain bullet
2triking Velocity - 2733 ft/sec.

Diameter of Hole in back - 0.34" (complete penetration)

Distance from Plate to Muzzle: 100 yards
Brinell Hardness; 418

Chemicel Composition:

C Vn Si 5 P cr. Mo

0.50 0.70 0.25 0.020 0,023 1l.12 0.6b 0.25
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LCV CARBON STxEL

(Used for Study of Deformation at Bullet Impact)

Size: 12 x 12 x 1/2 inches

Ammunition: Callber .3C A.P. 165 grain M1922
Caliber ,30 Ball Ammunition. Ml

Distarce from Plate to Muzzle: 100 yards.

Brinell Hardnees: 120

Chemical Composition:

O o Si S P cr
0.19 0.42 0,025 0.034 0.012 0,06

ﬂ’?.-
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PLATE NO, 614-5

Medium Ballistic
DISSTON -~ Homogeneous Armor Plate.
18 x 18 x 1/2*
Actual Thickness - ,H506"
Brinell ~ 430 - 444.
L M 95 5. P N Cr Mo _Va
.51 .42 .14 ,013 .0l6 .09 1.21 .56 .29

- -_— ——

Ammunition - .30 cal. 165 gr., M1922, A.P.
Range - 100 yards.
Specification - AXS - 54.

Round 1. Str. Vel, 2696 f/s, Complete Penetration.
Diameter ¢f Hole in Back -~ ,70",

Round 2. Str. Vel, 2656 f/s. Complete Penetration.

Round 4. Str. Vel, 2459 f/s. Partial Penetration,
Diameter of Hole in Back - ,006%,

Round &. Str. Vel. 2495 f/s. Partial Penetration.
Diameter of Hole in Beck - ,01",

Round 9. Str. Vel. 2409 f/s. Partlal Penetration,.
Helght of Bulge on Back - ,05",

Round 10. Str. Vel, 2446 f/s. Partial Penetration.

Height of Bulge on Back - ,06",

C.I.P.




